The underlying mechanism of coercivity in permanent magnets has been a topic of intense interest for many years. It is motivated by the fact that the measured coercivity approaches only 20%-40% of the theoretical nucleation fields as derived from micromagnetic theory. We address this problem by proposing an analytical model, within the framework of the micromagnetic approximation, to examine the mechanism of magnetization reversal in hard magnetic materials. The exchange interaction between neighboring grains with different easy axes orientations can result in the formation of a domain wall-like magnetization structure ͑transition region͒ in the grain boundary. We propose that the transition region can propagate between neighboring grains provided that it is energetically favorable. The subsequent nucleation of a domain wall is shown to reduce the critical field considerably. Applying our model to a thin film, whose magnetic grains have a randomly oriented in-plane easy axis distribution, we have calculated the coercivity for the film to be 0.14H K , where H K is the anisotropy field. It is found that the coercivity decreases with increasing film thickness. For a material with a three-dimensional random easy axis distribution, we obtain the coercivity as 0.16H K . These results are substantially lower than that given by the Stoner-Wohlfarth model and are consistent with available experimental results.
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I. INTRODUCTION
The topic of permanent magnetism has aroused much interest in recent years because the measured coercivity only approaches 20%-40% of the theoretical nucleation fields as derived from micromagnetic theory.
1 Two mechanisms have been proposed for this discrepancy: the presence of hindrances to domain wall displacement ͑domain wall pinning͒ and the nucleation of reversely magnetized volume ͑nucle-ation model͒. Both models attribute the discrepancy to crystal defects and, with suitable selection of parameters, have accounted for the discrepancy. However, the role of the defects differs in the two models. While the defect in the pinning model hinders domain wall motion and thus increases coercivity, in the nucleation model, it acts as a nucleation center for the nucleation of domain wall and thereby decreases coercivity. Thus the coercivity is largely dependent on the microstructure of the defects as well as the host matrices.
In this article we employ a one-dimensional model to investigate the effect of misalignment between grains on the coercivity by minimizing the energy of a two-grain system. A transition region ͑a domain wall-like magnetic moment distribution͒ will form at the interface between neighboring misaligned grains due to exchange interaction. Under a sufficiently large applied field H, the transition region will propagate, initiating the nucleation of a domain wall near the grain boundary. The role of misaligned grains is similar to that of the defects in the nucleation model, and can significantly decrease coercivity.
II. THE REVERSAL MECHANISM OF A TWO-GRAIN SYSTEM
We first consider two neighboring grains ͑grains 1 and 2͒ with uniaxial easy axis orientation ␣ 1 and ␣ 2 , where the two angles are defined relative to the applied field direction. Without loss of generality, we assume that ␣ 1 Ͻ␣ 2 .
The total energy E i of an isolated grain i is given by
where K is the anisotropy constant, M S is the saturation magnetization, and i is the magnetization orientation in grain i. For simplicity, we have ignored the long-range magnetostatic interaction. At a critical state, it can be shown 2 that the transition region will move and embed itself entirely within grain 1 if the following equation for grain 1 is satisfied:
The right side of Eq. ͑2͒ expresses the original energy of grain 1, while the left represents its energy in its new state in which the magnetization has rotated from 1 to 2 due to the propagation of the transition region.
The reduced energy of the grains ϭE/K as a function of the magnetization orientation is given in Fig. 1 . The solid lines in Fig. 1 show the change in energy of grain 1 as a function of 1 for various applied field given that ␣ 1 ϭ0°. When the applied field decreases from H K ϭ2K/M S , there are always two energy minima for ϪH K ϽHϽH K , i.e., minima l and g for HϭϪH K /3. The energy barrier between these two minima prevents the magnetization from orienting a͒ Author to whom correspondence should be addressed; electronic mail: phylimhs@leonis.nus.edu.sg at the global minimum state g. According to the StonerWohlfarth ͑SW͒ model, the grains will orient at 1 ϭ0°until the field reaches a value of HϭϪH K ͑the critical field given by the SW model͒. One energy minimum then remains and an angular jump to 180°occurs. Thus, the coercivity of grain 1 is H K . The dashed curve in Fig. 1 shows the reduced energy of grain 2 as a function of 2 for HϭϪH K /3 and ␣ 2 ϭ90°. Grain 2 orients at its energy minimum state of 2 ϭ109°u nder this applied field. For this orientation, the energy of grain 1 is the same as that in the local minimum state, 1 ϭ0°. Thus, HϭϪH K /3 satisfies Eq. ͑2͒, so that the transition region will move from the boundary and into grain 1, setting its orientation to 109°in the process. We call this a transition state for grain 1, which is marked by t in Fig. 1 . Since t is not an energy minimum state for grain 1, it will continue to rotate from 109°to its global minimum state of 180°. Thus the reversal process is completed at a critical field of HϭϪH K /3, which is much smaller than that given by the SW model. For large fields, grain 1 will eventually rotate to 180°as shown in Fig. 2͑f͒ .
The whole reversal process of grain 1 is shown in Figs. 2͑c͒-2͑f ͒. It begins with the motion of the transition region, followed by the nucleation and subsequent propagation of a domain wall. The whole process is an irreversible magnetization change of grain 1 from one energy minimum state to another.
The critical field of grain 1 for arbitrary easy axis combination can be obtained from Eq. ͑2͒. Figure 3 shows the calculated critical field as a function of the angular difference between two easy axes ␣ 2 Ϫ␣ 1 . The solid line shows the change of the critical field with ␣ 2 for ␣ 1 ϭ0°. The critical field decreases with the angular difference from H K to H K /3. Similar results have been obtained by a more rigorous numerical approach.
3 Schrefl et al. found the critical field to decrease from 0.73H K to 0.44H K , taking into account the magnetostatic interaction. The dashed line in Fig. 3 shows the critical field of grain 1 with ␣ 2 fixed at 90°. A similar 
FIG. 2.
Reversal mechanism in a two-grain system with ␣ 1 ϭ0°and ␣ 2 ϭ90°. In ͑a͒, the system is in a remanent state (Hϭ0). The transition region ͑TR͒ is indicated by a bounding box, and the grain boundary is represented by a solid vertical line. From ͑c͒ to ͑d͒, the TR moved leftwards under an applied field of ϪH K /3. For grains larger than two Bloch wall widths, it is energetically favorable for the magnetic moments oriented at 1 ϭ0.6 to undergo a coherent rotation to so that a 180°domain wall ͑DW͒ is formed, as ͑e͒ illustrates. The final magnetization state of the system is shown in ͑f ͒. Note that the same field is applied in ͑c͒ to ͑f ͒. trend is observed. When ␣ 1 →Ϫ90°, the critical field approaches zero.
III. THE COERCIVITY OF THIN FILMS AND BULK MATERIALS
Our model can be extended to thin films and bulk materials.
2 Figure 4 shows the calculated coercivity H c for thin films and bulk materials as a function of the number of grains N. The circle gives the coercivity of a one-layer film with an in-plane random easy axis distribution for an inplane applied field. H c decreases from 0.32H K ͑for nine grains͒ and reaches a constant value of 0.14H K when N exceeds 250 000. Similar behavior is found for a bulk material with random easy axis distribution. The calculated coercivity decreases from 0.26H K ͑for Nϭ27͒ to 0.16H K (N ϭ27 000).
As Fig. 4 shows, the coercivity of a bulk material is larger than that of a thin film. This behavior is dependent on two competing factors. On the one hand, there is a ''domino'' effect in which the reversal of a grain will facilitate the reversal of neighboring grains so that a system with a larger average number of neighboring grains is expected to exhibit a lower coercivity. On the other hand, when the easy axes of neighboring grains and the applied field do not lie on the same plane ͑as is the case for a bulk material͒, the hindrance to the motion of the transition region would increase relative to the corresponding in-plane situation since the grains have to rotate out of the plane, and H c thus increases. These two factors have been accounted for in our calculations.
From the above considerations, we expect that the coercivity will decrease with increasing thickness of a film having an in-plane easy axis distribution. The calculated coercivity for different film thickness is shown in Table I . The coercivity decreases from 0.14H K ͑with one layer of grains, 2500 grains͒ to 0.07H K . Experimentally, it is found 4 that the coercivity of Nd-Fe-B thin film, for example, decreases from 8 kOe ͑or 0.12H K ͒ to 4 kOe ͑or 0.06H K ͒ as the thickness increases from 20 to 1000 nm. 
